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 研究进展 

- 研究背景与前期探索 

- DIS过程中靶碎裂机制与超子自旋转移压低效应 

-  遍举过程超子产生与极化 

- 高能反应产生正反夸克对的量子纠缠 

 总结 

pp → pKΛ
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第一年度 第二年度 第三年度 第四年度 第五年度

聚焦于建立统一的超子极化碎裂函数
和中低能区pp和pA过程超子极化反常
现象。

中期目标：系统研究不同产生过程
pp、pA、AA中超子极化，构造理论
框架并对HIAF能区给出预言。

终期目标：建立不同系统中超子极化
理论框架；建立超核产生模型及超子
对核物质状态方程影响的定量模型。

核子碰撞中超子极化

重离子碰撞中 
超子极化

超子-核子相互作用



刘天博

Volume 264, number 3,4 PHYSICS LETTERS B 1 August 1991 

3 for both the n + and n -  data. It appears that the 
increase in magnitude of AN is primarily an XF effect 
above a PT threshold. 

Non-vanishing analyzing powers have been ob- 
served in other pion production experiments with a 
polarized beam. The AN values from ref. [5] for n + 
production rise with XF in a manner consistent with 
this experiment. There is agreement in sign for the 
n -  data, except that at higher XF values (XF> 0.4) the 
magnitude of AN in the present data are larger. The 
n-  data in ref. [ 3] show a hint of a negative value at 
an xF of 0.6 and PT of 1 GeV/c. For n ° production, 
AN has recently been observed to increase with XF at 
200 GeV [ 6 ]. The most recent n o data from ref. [ 6 ] 
are compared in fig. 4 with the n + and n -  data in the 
same PT range. AN is roughly a factor of two greater 
for the n + data than for the n o data in the region of 
overlap. This agrees with the model of ref. [ 7 ]. The 
expected values of AN from the model are 0.37, 0.19 
and - 0.19 for the n +, n °, and n -  data respectively at 
the highest values of XF. The n -  data agree in sign 
with the prediction of the model, but the magnitude 
is a factor of two larger than expected. 

In summary, the analyzing power above a thresh- 
old of about 0.7 GeV/c in PT increases with XF from 
0 tO 0.42 for n + production and decreases with XF 
from 0 tO -- 0.38 for n -  production. These features of 
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Fig. 4. AN versus XF for n+, ~-  and r¢ ° data. 

the data are consistent with a common explanation 
for the hyperon polarization and the large-xF AN val- 
ues measured in meson production [2,7]. In this 
model quarks produced are transversely polarized and 
the high XF quarks in the proton remember the pro- 
ton's spin. AN increases with XF because a greater 
fraction of mesons are produced by fragmentation at 
high XF and a single quark carries the spin of the pro- 
ton a larger fraction of the time at higher Bjorken x. 
The reflected sign of AN for oppositely charged pions 
is consistent with the up quark spin being aligned with 
that of the proton whereas that of the down quark is 
oppositely aligned. However, the magnitude of the 
analyzing power does not always agree with this 
model. Although perturbative QCD calculations do 
not apply in this kinematic region, the data presented 
here may be relevant to the "spin crisis" [ 1 ]. For the 
Bjorken sum rule to be satisfied, gt of the neutron 
must be more negative than expected in conven- 
tional models [ 9 ]. That AN for n -  production is more 
negative than expected may be a manifestation of the 
same effect, since the n + to n -  isospin transforma- 
tion is the same as that for the proton to the neutron. 

We are grateful to the Fermi National Accelerator 
Laboratory Experimental Areas Operation Center and 
Computer Department staffs, to the Fermilab and 
Argonne National Laboratory technical staffs, as well 
as to the technical staffs of all the institutions panic- 
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高能反应实验中系列“意外自旋效应”
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p↑p → hX
质子自旋危机

1 Introduction

Two regimes of ep scattering are distinguished by the virtuality of the exchanged photon
between the electron and proton, which is defined using the square of the four-momentum
difference between the incoming and scattered electron as: Q2 ⌘ �q2 = �(k� k0)2. Neutral
current deep inelastic scattering (NC DIS) occurs at large virtualities (Q2 � 1GeV2) of
the exchanged photon which, at leading order, strikes a single quark within the proton.
Photoproduction (�p) processes occur for quasi-real exchanged photons (Q2 . 1GeV2), and
are further sub-divided into two categories at leading order: direct and resolved. In direct
processes, the photon couples directly to a quark as in DIS. Resolved processes occur when
the photon fluctuates non-perturbatively into partons, which then scatter with one or more
partons in the proton. The DIS and resolved photoproduction regimes are illustrated in
Fig. 1.

(a) Neutral current deep inelastic scattering. (b) Resolved photoproduction.

Figure 1: Schematic illustration of initial scattering in (a) deep inelastic scattering and (b)
an example of resolved photoproduction. The electron beam is represented by the lines with
arrows. The partonic contents of the proton and photon are represented as large and small
pale circles, respectively. The exchanged photon is shown as a wavy line. Quarks are shown
as spheres while gluons are shown in gold.

A wide variety of measurements in heavy-ion collisions [1–6] indicates the formation of a
new state of quantum chromodynamics (QCD) matter in local thermal equilibrium, the so-
called quark-gluon plasma (QGP). One of the key observables of the QGP is the collective
behaviour of final-state particles. Recent measurements from colliding systems such as p+p,
p+ A, and photo-nuclear A+ A suggest that a QGP may even form in systems previously
thought too small to attain thermal equilibrium [7–14]. The deep inelastic scattering of

1

J. Ashman et al., PLB 206, 364 (1988); NP B328, 1 (1989).

单自旋左右不对称
夸克模型: ，DIS实验:ΔΣ = 1 ΔΣ ∼ 0.3 左

右

e.g. J. Antille et al., PLB 94, 523 (1980).

极化质子弹性散射 超子横向极化
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po la r iza t ions , and thus obtained the four pure 
in i t ia l -sp in c r o s s sec t ions (do/dt) u. These a r e 
re la ted to the sp in-orb i t analyzing power, A, and 
the sp in-sp in cor re la t ion p a r a m e t e r , Ann,4 by 
the equations 

(do/dt) t t = (do/dt) (1 + 2A +Ann), 

(do/dt) H = (da/dt)(l - 2A +Ann), 

(do/dt) H = (do/dt) H = (do/dt)(l-An 

(2) 

We normal ized to the h igh-prec i s ion m e a s u r e -
ments of the sp in -ave rage (do/dt) of Albany et aV 
and Akerlof et al.6 

The genera l exper imenta l technique was de -
sc r ibed previously , with the ext rac ted po la r ized 
beam, the h igh-energy p o l a r i m e t e r , the p o l a r -
ized proton t a rge t (PPT) , and the e las t i c s p e c -
t r o m e t e r shown in F igs . 1 of Refs. 1 and 3. The 
only change was to improve the angular and m o -
mentum resolut ion by lengthening the r eco i l p r o -
ton a r m to about 18 m. This reduced the back-
ground event r a t e from the nonhydrogen nuclei 
in the P P T beads from our prev ious 23% at P x

2 

= 4.2 (GeV/c)2 to 5% at P x
2 = 5.09 (GeV/c)2. This 

r a t e was m e a s u r ed and sub t rac ted at each P x
2 

by running with hydrogen-f ree Teflon beads . The 
p r e s en t run benefitted from the new r e c o r d z e r o -
g r a d i e n t - s y n c h r o t r o n (ZGS) peak intensi ty of 5 
x 1010 polar ized pro tons pe r pu lse . The average 
intensity on our P P T was jus t over 101 0/pulse 
and the P P T beads had to be annealed every 6 h 
and changed every 2 days to maintain the ave rage 
t a rge t polar iza t ion of 71 ± 4%. The average beam 
polar iza t ion was 59 ± 3 % because of s o m e diffi-
culty with depolar izing re sonance s tabi l i ty . In 
spite of these favorable conditions it r equ i red 
two full months of running to obtain about 900 
events at each of th ree l a r g e - P j 2 , l o w - c r o s s -
sect ion points . 

Our new data a r e p r e sen t ed in Table I and in 
Fig. 1. F r o m the table , one can c lear ly see that 

TABLE I. Values of A andAm for each value of P±. 
The er rors include statistical and systematic er rors 
added in quadrature. 

(GeV2/c2) 
-t A 

(GeV2/c2) (%) %) 
(da/dt)u 
(dcr/dt)u 

4.50 

4.80 

5.09 

6.71 3±3 

7.75 2±4 

10.18 0±4 

55±8 

60±8 

59±10 

3.5.+8;f 

3.9±lj 

the sp in-orb i t analyzing power, A, i s very close 
to zero for a l l t h ree points . However the sp in -
spin cor re la t ion p a r a m e t e r , A„„,4 has become 
s t r ikingly la rge in this 90° ( c m . ) region. This 
can be seen even more c lea r ly in Fig. 1 where 
we plot, agains t P x

2 , the c r o s s - s e c t i o n ra t io for 
sp in -pa ra l l e l to sp in -an t ipa ra l l e l s ca t t e r ing d e -
fined by 

(do/dt) t t ^ (do/dt) u +(do/dt) u ^+Am 

(do/dt) H " (do/dt) H + (do/dt) it ~1 - An 
(3) 

Notice that on this log plot7 the spin effects that 
previously seemed very l a rge , 1 ' 8 now appear 
sma l l in compar i son with the behavior near 90° 
( c m . ) . 

In fact, th is new data make it appear very l ike -
ly that the la rge sp in-sp in in terac t ion is d i rect ly 
assoc ia ted with the exp( -1 .6P x

2 ) region itself. 
The ra t io (do/dt) t t : (do/dt) H a l ready r e a c h es a 
value of 4 at the maximum P ±

2 p resen t ly available 
a t the ZGS. As can be seen from the dashed and 
solid l ines our p r e s e n t e r r o r s a r e too la rge to 
de te rmine if the r a t io has reached an asymptot ic 
value of about 4 or is s t i l l growing. We hope to 
get more data on this question somet ime in the 

C2[GeV/c]2 

FIG. 1. Plot of the ratio of the differential elastic 
cross sections in pure initial-spin states forp+p-+p+p 
at P i a b = 11.75 GeV/c. The spin-parallel cross section 
increases dramatically relative to the spin-antiparallel 
cross section at the onset of the hard-scattering com-
ponent atPj.2=3.6 (GeV/c)2. The curves are only to 
guide the eye. 
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p↑p → pp

e.g. D.G. Crabb et al., PRL 41, 1257 (1978).
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s
T

s
is associated with the production of a Kaon containing

the remaining sua

ydP of the projectile and the s̄
T

s
associ-

ated with the target. The information of polarization of
the projectile is carried by the sua

ydP so that the produced
K has a large probability to go left if the projectile is
upwards polarized. The L has therefore a large proba-
bility to go right since the transverse momentum should
be compensated. This explains why there should be also
a significant AN for L, and the available data [5,6] have
been reproduced successfully. According to this picture,
if the produced L is moving to the left in unpolarized
pp collision, the associated K should mainly move to the
right. Hence, the sua

ydP contained in this K should have a
large probability to be downwards polarized. Since K is a
spin-0 object, the s̄

T

s
should be upwards polarized. Hence,

to get a negative PL, we need only to assume that the sea
quark-antiquark pair sss̄s from the nucleon has opposite
transverse spins. Under this assumption, the polarization
of the produced L is completely determined [17] by that
of the remaining sua

ydP which, together with a s̄
T

s
, forms

the associatively produced K
1.

That the s and s̄ of the sea sss̄s-pair have opposite
transverse spins should be considered as a further im-
plication of the existence of PL in the above mentioned
picture. Whether this is indeed the case can and should
be checked experimentally. Theoretically, it is quite dif-
ficult to verify it since we are in the very small x region
(see, e.g., [12]); the production of such pairs is of soft na-
ture in general and cannot be calculated using perturbative
theory. It seems plausible since the sea quarks are prod-
ucts of the dissociation of one or more gluons and gluons
are not transversely polarized. Here, we simply assume
this is true and discuss the consequences to see whether
they are consistent with the available data.
First, we made a similar analysis for the production of

other hyperons, and obtained qualitative results for their
PH ’s. They are all consistent with the available data [2].
Second, we made a quantitative estimation of PL in

p 1 p ! L 1 X as a function of xF . To do this, we
recall that PLsxF j sd is defined as

PLsxF j sd y
N

LsxF , " j sd 2 N
LsxF , # j sd

NLsxF , " j sd 1 NLsxF , # j sd
, (1)

where N
LsxF , i j sd is the number density of L’s polarized

in the same si ≠ "d or opposite si ≠ #d direction as
the normal of the production plane, at a given

p
s. It

is clear that the denominator is nothing else but the
number density of L without specifying the polarization.
It contains all the L’s of different origins: those made
out of suydydP and a s

T

s
[denoted by D

L
2 sxF j sd in the

following], those of u
P

y and sdsssdT or d
P

y and susssdT

[denoted by D
L
1 sxF j sd], those from resonances decay,

and those from pure sea-sea interactions (denoted by N0).
Since uy or dy does not carry any information of the
spin of L, there is no contribution from D

L
1 sxF j sd to the

numerator, i.e., the difference DN
LsxF j sd. There is no

contribution to AN from the N0 part; hence we assume

that it does not contribute to PH either [18]. We take the
contribution from S0 decay into account and obtain

DN
LsxF j sd ≠ ClDD

L
2 sxF j sd 2

1
3

2X

i≠1
DD

S0

i sxF j sdf .

(2)

Here DD
H

i sxF j sd y D
H

i sxF , " j sd 2 D
H

i sxF , # j sd (H ≠
L or S0). From the wave functions of L, S0, and that
of proton, we obtain that DD

L
2 sxF j sd ≠ 2D

L
2 sxF j sd,

and DD
S0

1,2sxF j sd ≠ s 2
3 , 3

5 dDS0

1,2sxF j sd. The extra factor
21g3 for the S0-decay terms comes from the relation
[19] PL ≠ 2s1g3dPS0 in this decay process. To calculate
the different D’s and N0, which are determined by the
hadronization mechanisms, we simply used the direct
fusion model in [12], which successfully reproduced not
only the data of the cross section but also those of AN .
By taking the same value for the only free parameter C as
that determined in [11,12] by fitting the AN data [5,6], we
obtained the result shown in Fig. 1.
Third, we derived a number of other consequences

of the picture without any further input. The following
are three examples which are closely related to the
assumption that the s and s̄ which take part in the
associated production are opposite in transverse spins.
(i) The polarization of the projectile and that of L in

the fragmentation region of p 1 p ! L 1 X should be
closely related to each other. In other words, the spin
transfer DNN (i.e., the probability for the produced L to
be upwards polarized in the case that the projectile proton
is upwards polarized) is expected to be positive and large
for large xF . It is true that the ud diquark which forms the
L is in a spin-zero state and thus carries no information
of polarization. But, according to the mechanism of
associated production, the polarization of the leftover u

P

y
determines the polarization of the projectile and that of the
ss quark which combines with the ud diquark to form the
L. Hence, there should be a strong correlation between
the polarization of the proton and that of the L. The result
of a quantitative estimation is shown in Fig. 2.
(ii) PL in the beam fragmentation region of S2 1 A !

L 1 X should be negative and much less significant

FIG. 1. Calculated results for the polarization of L, PL, as a
function of xF . Data are taken from Refs. [20–22].

3610
e.g. G. Bunce et al., PRL 36, 1113 (1976).

pp → Λ↑X

实验与理论严重冲突    自旋成为QCD研究的一个突破口⇒
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40 - POLARIZATION IN INCLUSIVE A AND PRODUCTION AT . . . 3561 

timates of the acceptance and reconstruction efficiency of 
order a few percent with an even small uncertainty in the 
dependence on 0,. These effects contribute mainly to a 
quantity called a bias (Sec. IV), and their contribution to 
the systematic uncertainty in the polarization is negligi- 
ble compared to statistical uncertainties. This is support- 
ed by the checks on systematic effects described in Sec. 
VII. 

IV. POLARIZATION ANALYSIS: METHOD 

The polarization of the A (x) was determined from the 
asymmetry in the distribution of the decay proton (an- 
tiproton). In  the parent center of mass this is given by 

where i=x ,y , z .  The number of events in each bin of 
cosOi is expected to be a linear function of cosO,, with a 
slope given by a,Pi, modified by A(cos0; ), the accep- 
tance of the apparatus and software. This modified func- 
tion of cos0, is fit to each set of data where a data set is 
defined by a production angle. Each sign of the angle is 
fit independently. The technique used to fit the data, the 
hybrid Monte Carlo method, has been described else- 
where.29 

The fits of the angular distributions of the daughter 
protons in the A rest system yield asymmetries which are 
the sum of the real polarization as well as systematic 
biases arising from such things as reconstruction 
inefficiencies that are not simulated by the hybrid Monte 
Carlo method. Reversal of the production angle changes 
the sign of the real polarization, while apparatus or  
software induced asymmetries are unaffected. Hence, 
subtraction of the asymmetries taken at  equal and oppo- 
site production angles yield a bias-free polarization mea- 
surement, while the sum of the asymmetries gives a mea- 
surement of the bias. This can be summarized in the fol- 
lowing equations in which R u k  represent the raw mea- 
sured asymmetries at  positive and negative production 
angles in the direction u = x , y , z ;  B, represents the ap- 
paratus and analysis bias, and P, represents the polariza- 
tion 

A first-pass analysis with the method above yielded the 
three components of the polarization downstream of the 
magnetic beam channel for each momentum bin and pro- 
duction angle. P, was consistent with zero as expected 
from parity conservation in the production process and 
the fact that the precession of the spin in the beam chan- 
nel occurs in the y-z plane. The values of Py and P, were 
used to compute the polarization vector at the produc- 
tion target by using a precession angle 4*, which can be 
calculated from sign and magnitude of the precession 
field integral and the known magnetic moment of the A 

(Ref. 17). The production polarization was found to be 
consistent with no z component as required by parity 
conservation. 

A second-pass analysis did a simultaneous fit to the 
data imposing the constraints of parity conservation at 
production, and precession in the y-z plane by the angle, 
4+, for all momenta and production angles. The parame- 
ters of the fitting procedure were By, and B,,, the 
momentum-dependent biases, Pi the momentum- 
dependent production polarization, assumed along the y 
axis, J B  dl in Eq. (1) for 4+, which was allowed to vary 
because, in this experiment, it had a measurement accu- 
racy and setting precision of about 1% which is less pre- 
cise than that for Refs. 17 and 18. The value of (p,/p, ) 
used for this analysis was -0.6138. These parameters 
were varied to minimize the function 

The indices i , j , k  correspond, respectively, to the 
momentum bin, the two signs of the production angle 
and the two signs of the precession field. This procedure 
was carried out for individual magnitudes of the produc- 
tion angle and yielded values for the J B  dl consistent 
with the measurement accuracy and setting precision of 
1%. 

V. POLARIZATION RESULTS: A 

Tables 1-111 give the values of the polarization Py at 
the production target. Figure 4 shows the subset for A 
production from Be. The data were obtained from the 
measured P, in the decay volume and the known preces- 

f 8, - 6 mrad 
X 0, =. 7 mrad 

8, - 12 mrad 

A 8 ,  = 20 mrad 
0 8, 1 24 mrad 
1 1  / I , ,  

o o o 2 o 4 o 6 o a 1 0  

FIG. 4. The A polarization is shown as a function of x, for 
all production angles. Over this range of production angles and 
within experimental uncertainties, the polarization is angle (or 
p , )  independent. 

Β. Lundberg et al., PRD 40, 1 (1989).
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Pt bin 
(GeV/c) 

0.00-0.40 
0.40-0.52 
0.52-0.68 
0.68-1.50 

0.00-0.40 
0.40-0.52 
0.52-0.68 
0.68-1.50 

0.00-0.40 
0.40-0.52 
0.52-0.68 
0.68-1.50 

Pt 
(GeV/c) 

0.29 
0.46 
0.59 
0.84 

0.30 
0.47 
0.59 
0.85 

0.28 
0.46 
0.60 
0.85 

xF 

0.42 
0.50 
0.54 
0.60 

0.46 
0.53 
0.56 
0.63 

0.39 
0.46 
0.50 
0.57 

TABLE I. Polarization results. 

Pz 
p - A 

-0.012 ±0.047 
0.073 ±0.055 
0.151 ±0.053 
0.079 ±0.055 

p - A 
-0.026 ±0.070 
-0.031 ±0.083 

0.117 ±0.076 
0.173 ±0.080 

A:- — A 
-0.234 ±0.052 
-0.419 ±0.064 
-0.438 ±0.058 
-0.615 ±0.056 

xF bin 

0.00-0.45 
0.45-0.55 
0.55-1.00 

0.00-0.45 
0.45-0.55 
0.55-1.00 

0.00-0.45 
0.45-0.55 
0.55-1.00 

xF 

0.36 
0.50 
0.68 

0.36 
0.50 
0.70 

0.36 
0.50 
0.66 

Pt 

0.43 
0.56 
0.64 

0.41 
0.53 
0.61 

0.42 
0.57 
0.66 

Pz 

0.040 ±0.045 
0.089 ±0.055 
0.070 ±0.041 

0.055 ±0.069 
-0.064 ±0.081 

0.174 ±0.056 

-0.326 ±0.043 
-0.466 ±0.057 
-0.470 ±0.052 

late this function. Care was taken to include the 
correct distribution of beam phase space, self-
consistent production distributions in angle and ener-
gy, proper decay distributions of the neutral particles, 
including KS-KL mixing, a complete specification of 
the experimental apparatus, and the precession of the 
A spin in the field of the sweeping magnet. Events 
satisfying the trigger were processed through the same 
set of programs as the data. The ratio of the number 
of surviving events to those generated is then the 
correction function. 

A number of checks were made to test the Monte 
Carlo program and analysis programs to verify that the 
apparatus was properly modeled and that the analysis 
did not introduce any_spurious asymmetries: (1) The 
lifetimes of the A, A, and A^ were measured and 
found to be in good agreement with the world aver-
ages. (2) The ''polarization" of Ks was measured and 
found to be consistent with zero for all three compo-
nents. (3) The parity-forbidden Px and Py com-
ponents of the polarization for A and A were found 
to be consistent with zero. (4) During the course of 
data taking, the direction of the field in both the 
sweeper and analysis magnets was periodically reversed 
and no difference in the measured polarizations 
between the two field directions was observed. 

To make optimum use of the limited statistical 
power of this experiment, we present our results as a 
function of a single variable, either the Feynman x 
variable, xF, or pt, the transverse momentum. Figures 
3 (a) and 3 (b) show the raw event distributions for the 
three reactions as functions of xF and pt, respectively. 
Table I summarizes our results for the average polari-
zation in the three channels. 

In Fig. 4 we plot the A polarization from p —> A, the 
A data of Ref. 1, and our polarization data from p —• A 
vs pt. Within statistics, the polarizations measured are 

the same. 
Figure 5(a) shows our polarization data for K~ —• A 

along with the data at 8.25 GeV/c n plotted versus pt. 
Both experiments find the same polarization which is 
larger than that for the p —> A channel and consistent 
with a linear dependence on pt. The same data are 
plotted in Fig. 5 (b) as a function of xF along with the 
data from a number of experiments at lower ener-
gy.13,14 The combined data show an energy indepen-
dence from 8.25 to 176 GeV/c. 

We have considered a number of sources of possible 
systematic errors and have estimated their effects on 
our measurements. 

(1) The field in our sweeper magnet varied by ± 5% 
over a portion of the spill. This changed the amount 
of the spin precession slightly but affected the mea-
sured polarization less than 1%. 

(2) Possible misalignments in the apparatus have 
been computed to contribute a maximum of ± 1.5% to 
the polarization. 

(3) This experiment jvas not able to distinguish 
directly produced A's (A's) from the decay products 
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FIG. 4. Lambda polarization from p+p—> A + x, A po-
larization from p+p~+ A + x, and the A polarization data 
from Ref. 3, plotted vs /?,. 
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FIG. 5. (a) Lambda polarization from K~ +/?— A + xand the 8.25-GeV/cdata of Ref. 12 plotted vs pt. (b) Lambda polari-
zation from K~ + P — A-f xand the data from Refs. 13 and 14 plotted vs xF. 

of directly produced 20 ,s (2 's) . For the proton-
produced A's where the 2° cross section and polariza-
tion data are available, we calculate a "prompt" A po-
larization 30% larger than our measurement.15 This 
correction is not possible for the K~ —• A or /? —• A 
data as the necessary cross-section and polarization 
data do not exist. _ 

Our sample of A's and A's contains a background 
due to A^'s mentioned above. The relative propor-
tions of these for the K~~, p, and p beams was 
(11 ±1)%, ( 1 ± 1 ) % , and ( 1 ± 1 ) % , respectively. 
This contamination and its uncertainty have been ex-
plicitly taken into account in the Monte Carlo program 
and were found to have no statistically significant ef-
fect on the polarization. 

No theoretical model proposed to date gives an ade-
quate description of the existing data. DeGrand and 
Miettinen (Ref. 6) use the p —• A and p —* 2° polariza-
tion to fix two parameters and then correctly predict 
the polarization in the p —> H channel to be the same 
as the /?—• A. While this model correctly predicts the 
sign of the K~" —• A polarization it fails badly when it 
predicts the magnitude to be equal to that of p —• A. 
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were obtained by fitting of slopes to the data points. The deviations from linearity in this combined sample, most prominent for 
j = v, are an effect of momentum-dependent acceptance, not evident in the individual momentum bins. 

ly. The fitted precession angle was (201.5 ± 1.3)° with 
#2/dof = 13/8. Values of Pk are given in Table I and Fig. 
3. Also in Table I are the momenta from analyses of sin-
gle momentum bins. While the lowest momentum bin 
deviates from the combined result, dropping of it makes 
no significant change. 

The uncorrected magnetic moment calculated from 
the precession angle by Eq. (3) for the full data sample 
is (2.469 ± 0.011 )fiiv. It was also calculated for the five 
individual event types, and these uncorrected results de-
viated from that of the combined sample significantly 
[worst case (0.083 ± 0 . 0 3 5 W ] with Z2/dof = 22/4. The 
same analysis of a MC sample seven times larger showed 
deviations by event type nearly identical to the data. 
MC analysis established that these effects arose from the 
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3. Polarization for hyperons produced by 400-GeV/c 
on Be at production angles ~ 5 mrad (7.5 mrad for 

differences in the acceptance between + 5 and —5 mrad 
mentioned above. Deviations of MC results from the in-
put value (2.469^/v) were used to correct the data. 
Corrected values for the five event types agreed with the 
corrected value for the full analysis, Z2/dof = 4.4/4. The 
correction raised the result by (0.010 ± 0 . 0 0 4 ) ^ to 
A/ z + - (2 .479 ±0 .012 W 

To study systematic effects, the analysis procedure was 
varied. The three subsets with kinked events (60% of the 
total) yielded (2.482 ± 0.017)jUyv, whereas the same 
events, reconstructed without the /-ray data (a one-
constraint fit) yielded a value 0.022//^ higher. All other 
studies of systematic uncertainties, e.g., variation of cuts, 
yielded smaller changes. Therefore, we assign a sys-
tematic uncertainty to our result of ±0.022//jv. The 
final result is ^ z + = (2.479 ±0 .012 ± 0.022) ptN,9 where 
the quoted uncertainties are statistical and systematic, 
respectively. 

The measurement reported in Ref. 5, /i1+ = (2.38 
±0 .014 ±0.0\4)fiN differs by (0.10 ± 0.03)pN from 
the result given here. The larger magnetic field of Ref. 5 
and the larger number of events in the present result ac-
count for the similar uncertainties. The background 
quoted for Ref. 5 ( < 10%) is higher than in our sample. 
Reference 5 used only charged-track information (a 
one-constraint fit for X + reconstruction. A similar 
analysis of a subsample of our data (see above) actually 
enhances the discrepancy slightly. We feel that our re-
sult is strengthened by the good agreement among five 
different event topologies, but we find no significant de-
fects in either experiment and believe that only new mea-
surements with several values of the precession field in a 
single setup will resolve the difference. 

Our result differs by 0A9 fi^i from the simple quark-
model prediction of 2.67jujy.10 Similar disagreements are 
seen for E~ n and E°.1 2 Several attempts have been 
made to improve the agreement through refinements to 
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部分实验测量结果
pp/pA → ΛX pp/pA → HX

Σ+

Σ−

Λ
Ξ0

Ξ−

pp → ΛX, p̄p → Λ̄X

K−p → ΛX

在大 区极化增大 
对能量 依赖弱

xF
s 不同超子极化差异明显 敏感于束流强子种类
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梁作堂与C. Boros指出： 
初态横向极化引发强子产额左右不对称  
与末态超子横向极化 的物理机制是同源的 
（文献中有时亦称之为“Zuo-tang model”）

(AN)
(PH)
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Hyperon Polarization and Single Spin Left-Right Asymmetry
in Inclusive Production Processes at High Energies

Liang Zuo-tang1 and C. Boros2,3

1Department of Physics, Shandong University, Jinan, Shandong 250100, China
2Institut für Theoretische Physik, Freie Universität Berlin, Arnimallee 14, 14195 Berlin, Germany

3Special Research Centre for the Subatomic Structure of Matter, University of Adelaide, Adelaide, Australia 5005
(Received 16 May 1997)

It is shown that the polarization of hyperons observed in high energy collisions using unpolarized
hadron beams and unpolarized nucleon or nuclear targets is closely related to the left-right asymmetries
observed in single spin inclusive hadron production processes. The relationship is most obvious for the
production of the hyperons which have only one common valence quark with the projectile. Examples
of this kind are given. Further implications of the existence of large polarization for a hyperon
which has two valence quarks in common with the projectile and their consequences are discussed.
A comparison with the available data is made. Further tests are suggested. [S0031-9007(97)04459-1]

PACS numbers: 13.88.+e, 12.39.Ki, 13.85.Ni

Since the discovery of the striking hyperon polarization
(PH ) in inclusive production processes at high energies
[1], there has been much interest in studying the origin
of this effect, both experimentally [2] and theoretically
[3]. It is now a well-known fact [1,2] that hyperons pro-
duced in high energy hadron-hadron collisions are polar-
ized transversely to the production plane, although neither
the projectiles nor the targets are polarized. Experimen-
tal results for different kinds of hyperons in different re-
actions at different energies show the following striking
characteristics: (1) PH is significant in, and only in, the
fragmentation regions of the colliding objects; (2) PH de-
pends on the flavor quantum numbers of the produced
hyperon; (3) PH in the projectile fragmentation region de-
pends very much on the flavor quantum numbers of the
projectile but little on those of the target.
More recently, striking left-right asymmetries (AN ) have

been observed [4–7] in single-spin hadron-hadron colli-
sions. The available data for inclusive production of dif-
ferent mesons and of the L hyperon show very much the
same characteristics as those for PH : we can simply re-
place PH by AN in (1)–(3) above. Not only these striking
similarities but also the following reasonings strongly sug-
gest that these two phenomena should be closely related
to each other. We note AN fi 0 implies that the direc-
tion of transverse motion of the produced hadron depends
on the polarization of the projectile. For example, for
p1 in ps"d 1 p ! p1 1 X, AN . 0 [5,6]; this means
that the produced p1 has a large probability to go left
looking downstream if the projectile is upwards polar-
ized. PH fi 0 means that there exists a correlation be-
tween the direction of transverse motion of the produced
hyperon (H) and the polarization of this hyperon. We re-
call that PH is defined with respect to the production plane
and, e.g., PL , 0 in p 1 p ! L 1 X means that theL’s
which are going left (looking downstream) have a larger
probability to be downwards polarized. We see that both

phenomena show the existence of a correlation between
transverse motion and transverse polarization. Hence, un-
less we insist on assuming that the polarization of the pro-
duced hyperons in the projectile fragmentation region is
independent of that of the projectile—which would in par-
ticular contradict the empirical fact recently observed by
E704 Collaboration [6] for L production—we are practi-
cally forced to accept that AN and PH are closely related
to each other.
The close relation between AN and PH is most obvious

in the case in which the produced hyperon (H) has only
one valence quark in common with the projectile. In this
case, the beam fragmentation region is dominated by the
hadronization product that contains this common valence
quark. To see whether such hyperon is polarized and, if
yes, how large PH is, we recall the following.
(I) The existence of AN in single-spin reactions shows

that the polarization of the valence quark and the trans-
verse moving direction of the produced hadron containing
this valence quark are closely related to each other: the
data [4–7] show that meson (e.g., p, h, or K) containing
q

P

y and a suitable anti-sea-quark q̄
T

s
have a large probabil-

ity to go left if q
P

y is upwards polarized. (Here, P or T

denotes projectile or target, y or s valence or sea.) Hence,
if the produced meson is going left, the corresponding q

P

y
should have a large probability to be upwards polarized.
We assume that this is also true for the produced baryon
which contains such a q

P

y and a sea diquark.
(II) Recent measurement [8] of L polarization from

Z
0 decay by ALEPH Collaboration shows that, in the
longitudinally polarized case, quark polarization remains
the same before and after the hadronization. We assume
that this is true not only for L production but also for
other hyperons and also in the transversely polarized case.
We note that both (I) and (II) are direct extensions

of the experimental observations. They can also be di-
rectly tested by performing further experiments, e.g., by

3608 0031-9007y97y79(19)y3608(4)$10.00 © 1997 The American Physical Society
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3 for both the n + and n -  data. It appears that the 
increase in magnitude of AN is primarily an XF effect 
above a PT threshold. 

Non-vanishing analyzing powers have been ob- 
served in other pion production experiments with a 
polarized beam. The AN values from ref. [5] for n + 
production rise with XF in a manner consistent with 
this experiment. There is agreement in sign for the 
n -  data, except that at higher XF values (XF> 0.4) the 
magnitude of AN in the present data are larger. The 
n-  data in ref. [ 3] show a hint of a negative value at 
an xF of 0.6 and PT of 1 GeV/c. For n ° production, 
AN has recently been observed to increase with XF at 
200 GeV [ 6 ]. The most recent n o data from ref. [ 6 ] 
are compared in fig. 4 with the n + and n -  data in the 
same PT range. AN is roughly a factor of two greater 
for the n + data than for the n o data in the region of 
overlap. This agrees with the model of ref. [ 7 ]. The 
expected values of AN from the model are 0.37, 0.19 
and - 0.19 for the n +, n °, and n -  data respectively at 
the highest values of XF. The n -  data agree in sign 
with the prediction of the model, but the magnitude 
is a factor of two larger than expected. 

In summary, the analyzing power above a thresh- 
old of about 0.7 GeV/c in PT increases with XF from 
0 tO 0.42 for n + production and decreases with XF 
from 0 tO -- 0.38 for n -  production. These features of 
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Fig. 3. AN versus XF for n + and n -  data in two Pr ranges, 
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ity of points in the lower PT range, the smallest three points in xF 
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Fig. 4. AN versus XF for n+, ~-  and r¢ ° data. 

the data are consistent with a common explanation 
for the hyperon polarization and the large-xF AN val- 
ues measured in meson production [2,7]. In this 
model quarks produced are transversely polarized and 
the high XF quarks in the proton remember the pro- 
ton's spin. AN increases with XF because a greater 
fraction of mesons are produced by fragmentation at 
high XF and a single quark carries the spin of the pro- 
ton a larger fraction of the time at higher Bjorken x. 
The reflected sign of AN for oppositely charged pions 
is consistent with the up quark spin being aligned with 
that of the proton whereas that of the down quark is 
oppositely aligned. However, the magnitude of the 
analyzing power does not always agree with this 
model. Although perturbative QCD calculations do 
not apply in this kinematic region, the data presented 
here may be relevant to the "spin crisis" [ 1 ]. For the 
Bjorken sum rule to be satisfied, gt of the neutron 
must be more negative than expected in conven- 
tional models [ 9 ]. That AN for n -  production is more 
negative than expected may be a manifestation of the 
same effect, since the n + to n -  isospin transforma- 
tion is the same as that for the proton to the neutron. 

We are grateful to the Fermi National Accelerator 
Laboratory Experimental Areas Operation Center and 
Computer Department staffs, to the Fermilab and 
Argonne National Laboratory technical staffs, as well 
as to the technical staffs of all the institutions panic- 
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p↑p → πX
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π0

u
u d

p↑⟩ =
1

18 [2 u↑d↓u↑⟩ + 2 u↑u↑d↓⟩ + 2 d↓u↑u↑⟩ − u↑u↓d↑⟩

− u↑d↑u↓⟩ − u↓d↑u↑⟩ − d↑u↓u↑⟩ − d↑u↑u↓⟩ − u↓u↑d↑⟩] .
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末态 夸克相对于产生面倾向于自旋向上u, d
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s
T

s
is associated with the production of a Kaon containing

the remaining sua

ydP of the projectile and the s̄
T

s
associ-

ated with the target. The information of polarization of
the projectile is carried by the sua

ydP so that the produced
K has a large probability to go left if the projectile is
upwards polarized. The L has therefore a large proba-
bility to go right since the transverse momentum should
be compensated. This explains why there should be also
a significant AN for L, and the available data [5,6] have
been reproduced successfully. According to this picture,
if the produced L is moving to the left in unpolarized
pp collision, the associated K should mainly move to the
right. Hence, the sua

ydP contained in this K should have a
large probability to be downwards polarized. Since K is a
spin-0 object, the s̄

T

s
should be upwards polarized. Hence,

to get a negative PL, we need only to assume that the sea
quark-antiquark pair sss̄s from the nucleon has opposite
transverse spins. Under this assumption, the polarization
of the produced L is completely determined [17] by that
of the remaining sua

ydP which, together with a s̄
T

s
, forms

the associatively produced K
1.

That the s and s̄ of the sea sss̄s-pair have opposite
transverse spins should be considered as a further im-
plication of the existence of PL in the above mentioned
picture. Whether this is indeed the case can and should
be checked experimentally. Theoretically, it is quite dif-
ficult to verify it since we are in the very small x region
(see, e.g., [12]); the production of such pairs is of soft na-
ture in general and cannot be calculated using perturbative
theory. It seems plausible since the sea quarks are prod-
ucts of the dissociation of one or more gluons and gluons
are not transversely polarized. Here, we simply assume
this is true and discuss the consequences to see whether
they are consistent with the available data.
First, we made a similar analysis for the production of

other hyperons, and obtained qualitative results for their
PH ’s. They are all consistent with the available data [2].
Second, we made a quantitative estimation of PL in

p 1 p ! L 1 X as a function of xF . To do this, we
recall that PLsxF j sd is defined as

PLsxF j sd y
N

LsxF , " j sd 2 N
LsxF , # j sd

NLsxF , " j sd 1 NLsxF , # j sd
, (1)

where N
LsxF , i j sd is the number density of L’s polarized

in the same si ≠ "d or opposite si ≠ #d direction as
the normal of the production plane, at a given

p
s. It

is clear that the denominator is nothing else but the
number density of L without specifying the polarization.
It contains all the L’s of different origins: those made
out of suydydP and a s

T

s
[denoted by D

L
2 sxF j sd in the

following], those of u
P

y and sdsssdT or d
P

y and susssdT

[denoted by D
L
1 sxF j sd], those from resonances decay,

and those from pure sea-sea interactions (denoted by N0).
Since uy or dy does not carry any information of the
spin of L, there is no contribution from D

L
1 sxF j sd to the

numerator, i.e., the difference DN
LsxF j sd. There is no

contribution to AN from the N0 part; hence we assume

that it does not contribute to PH either [18]. We take the
contribution from S0 decay into account and obtain

DN
LsxF j sd ≠ ClDD

L
2 sxF j sd 2

1
3

2X

i≠1
DD

S0

i sxF j sdf .

(2)

Here DD
H

i sxF j sd y D
H

i sxF , " j sd 2 D
H

i sxF , # j sd (H ≠
L or S0). From the wave functions of L, S0, and that
of proton, we obtain that DD

L
2 sxF j sd ≠ 2D

L
2 sxF j sd,

and DD
S0

1,2sxF j sd ≠ s 2
3 , 3

5 dDS0

1,2sxF j sd. The extra factor
21g3 for the S0-decay terms comes from the relation
[19] PL ≠ 2s1g3dPS0 in this decay process. To calculate
the different D’s and N0, which are determined by the
hadronization mechanisms, we simply used the direct
fusion model in [12], which successfully reproduced not
only the data of the cross section but also those of AN .
By taking the same value for the only free parameter C as
that determined in [11,12] by fitting the AN data [5,6], we
obtained the result shown in Fig. 1.
Third, we derived a number of other consequences

of the picture without any further input. The following
are three examples which are closely related to the
assumption that the s and s̄ which take part in the
associated production are opposite in transverse spins.
(i) The polarization of the projectile and that of L in

the fragmentation region of p 1 p ! L 1 X should be
closely related to each other. In other words, the spin
transfer DNN (i.e., the probability for the produced L to
be upwards polarized in the case that the projectile proton
is upwards polarized) is expected to be positive and large
for large xF . It is true that the ud diquark which forms the
L is in a spin-zero state and thus carries no information
of polarization. But, according to the mechanism of
associated production, the polarization of the leftover u

P

y
determines the polarization of the projectile and that of the
ss quark which combines with the ud diquark to form the
L. Hence, there should be a strong correlation between
the polarization of the proton and that of the L. The result
of a quantitative estimation is shown in Fig. 2.
(ii) PL in the beam fragmentation region of S2 1 A !

L 1 X should be negative and much less significant

FIG. 1. Calculated results for the polarization of L, PL, as a
function of xF . Data are taken from Refs. [20–22].
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 双夸克碎裂为  的反应道，在  产生的另一侧有倾向于自旋向下的夸克 

海中的  与  横向自旋反关联 

伴随  介子产生倾向挑选自旋向上的  夸克 

与  双夸克组合的  夸克更多为自旋向下，自旋转移为  超子向下极化

ud Λ Λ

s s̄

K s̄
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324 ALEPH Col[aboration/Physics Letters B 374 (1996) 319-330 

Moss(prr) GeV/c’ 

Fig. I. The invariant mass distribution of the hnal A ---f pr 
sample at very high momentum. b) The distribution of 
RI = (I,,,,, - lcx,,,)/cr,, where I,,,, is the measured ionization, 
dEld.r. on the proton track. lexWt is the ionization expected for 
a proton and VI is the resolution of the ionization measurement. 
The A candidates in this figure satisfy all selection criteria except 
for those involving dEld.r. 

t-Cc*) = I + ffp;c* ) (1) 

where cy is 0.642 * 0.013 for A [ 5 J and -0.642 for 
A by CP invariance, and P! is the A longitudinal po- 
larization. Since the 5 quark helicity is expected to be 
opposite that of the s quark, we expect the same slope 
of the c* distribution for A and A. Hence T(c*) is fit- 
ted with P;’ as the only parameter to the distribution 
R(c*) +A(c*), where A(c*) is themeasured A an- 
gular distribution, corrected for background and effi- 
ciency and normalized to unit integral. The assumption 
of equal A(c*) and A( c*) distributions is checked 
by fitting r( c*) to the distribution A (c’) + n ( -c*) 
which gives the sum of the A and 1? polarizations to 
be 0.028 * 0.042 for z > 0.3 with a x2 per degree 
of freedom of 18/ 18. This is compatible with the ex- 
pected value of zero. 

The fit is good in each momentum interval. The re- 
sult is shown in Fig. 2a for z > 0.3 where the sensi- 
tivity to polarization is expected to be large. At such 
large momenta the corrections applied to the data are 
also large, as shown in Fig. 2b. In Fig. 3 and Table 
I the polarization is shown as a function of momen- 
tum. Small corrections, less than 2% of the fitted po- 
larization, are made for the precession of the A spin 
in the magnetic field and for the resolution of the c* 

4.8 -0.6 6.4 0.2 0 0.2 0 .4  0.6 0.8 

COSJ 

o~“~~‘~l”‘l~~‘~“~l~~~~“‘l~~‘l”‘~”l 
6.8 -0.6 -0.4 -0.2 D 0.2 0.4 0.6 0.8 

coslp’ 

Fig. 2. a) Fit of the longitudinal A polarization to the corrected 
decay angle distribution for z > 0.3. b) Efficiency and background 
fraction to the A + prr- sample with z > 0.3 

h- 0.6 
I 

I 
,’ 

l ALEPH data /’ 

(I5 - - Jetset (corrected) 
,’ 

I’ 

- - - Jetset range 

, 
0 0.1 0.2 0.3 0.4 0.5 0.6 

z 

Fig. 3. The measured longitudinal A polarization is shown as 
dots. The JETSET prediction after multiplying by a correction 
factor of 1.07 is shown as a solid line. The dashed lines indicate 
the estimated uncertainty of the JETSET prediction. The HERWE 
prediction after multiplication by a correction factor of 2.17 is 
shown as a dotted line. 

measurement. At high momentum the A longitudinal 
polarization is measured to be 

P: = -0.320 f 0.040 f 0.056 for z > 0.3, 

where the first error is statistical and the second sys- 
tematic. The x2 per degree of freedom is 9118 using 
statistical errors. 

ALEPH Collaboration, Phys. Lett. B 374 (1996) 319.

56 OPAL Collaboration: Polarization and forward-backward asymmetry of ⇤ baryons in hadronic Z0 decays

Table 4. Contributions (in %) to the systematic error on PL

xE Background Selection Acceptance Momentum Total
Determination Cuts Window Distribution

0.027 – 0.05 0.7 2.3 1.8 0.3 3.0
0.05 – 0.08 0.1 2.2 1.2 0.2 2.5
0.08 – 0.09 1.1 1.8 0.4 0.4 2.2
0.09 – 0.1 2.5 1.9 0.5 0.5 3.2
0.1 – 0.15 0.4 1.1 0.4 0.4 1.3

0.15 – 0.2 2.3 2.2 1.2 0.6 3.5
0.2 – 0.3 2.9 2.4 0.7 0.7 3.9
0.3 – 0.4 5.4 3.0 1.7 1.0 6.5
0.4 – 1.0 4.4 5.6 2.7 1.1 7.7
0.3 – 1.0 3.2 3.1 2.3 1.2 5.2
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Fig. 3. The longitudinal polarization predicted using tuned
versions of JETSET with di↵erent versions of the popcorn
model of baryon production. The measurements are shown as
solid points and the error bars are the statistical plus system-
atic errors, added in quadrature

PARJ(10) 4 to 2.8, to obtain better agreement with the
observed baryon rates and the ⇤ momentum distribution.

In Table 5 the sources of origin of the ⇤ are given as
predicted by both the default and modified versions of the
popcorn scheme for xE > 0.15, 0.3 and 0.4. The contri-
bution to the polarization from each source is also given
(according to the method of [1], except in the case of con-
tributions from charm and bottom baryon decays which

4 In the modified popcorn scheme there is a suppression of
leading baryons. In order to obtain the proper amount of final
baryons, a scale factor (PARJ(10)) is applied to PARJ(1), the
suppression factor for diquark production

are rather uncertain. In this case we adopt the estimate of
25% polarization from these decays from [19]. The calcu-
lated polarization is shown in Fig. 3 for both the default
and modified versions of the popcorn scheme. The modi-
fied popcorn scheme predicts less polarization, due mostly
to the reduced rate of direct ⇤ production in that model
(for example, for xE > 0.3 only 13.7% of ⇤ contain the
primary s quark directly, compared to 27.8% in the default
popcorn version).

The agreement between the predicted longitudinal po-
larization of the two JETSET versions and the measure-
ments is quite good over the entire momentum range.
However, there is no clear discrimination between the two
versions. There are probably other e↵ects that should be
considered within these models beyond the simple assump-
tions used. However, even with these simple assumptions,
the observed polarization is reasonably well modelled.

7 Measurement of the transverse polarization

It has been observed that in hadron-hadron collisions ⇤
baryons obtain a significant polarization in the direction
perpendicular to the event plane. Several models (see [6]
and references therein) have been put forward to explain
this e↵ect but, as yet, there is no accepted explanation. In
e+e� annihilation the transverse polarization of the pri-
mary quarks is suppressed by a factor mq/

p
s from helicity

conservation, so any transverse polarization will arise only
in the hadronization phase [7].

The transverse polarization is investigated along a di-
rection, â = p̂⇤ ⇥ p̂thrust, where p̂⇤ is the ⇤ direction and
p̂thrust is the direction of the thrust axis in the ⇤ hemi-
sphere. The method to determine the transverse polariza-
tion is very similar to that used to measure the longitudi-
nal polarization. The function given by (1) is fitted to an
e�ciency corrected distribution of cos �p, where �p is the
angle in the ⇤ rest frame between the proton and â.

A p⇡ mass selection window of constant width as a
function of cos�p was used. The width of the window in-
creased with xE to account for the worsening of the mass
resolution with increasing momentum. For xE < 0.08 a
window of width ± 8 MeV from the nominal ⇤ mass was
used, for 0.08 < xE < 0.1 the width was ± 11 MeV, for

OPAL Collaboration, Eur. Phys. J. C 2 (1998) 49.

e+e− → Z0 → ΛX
正负电子湮灭过程

通过弱中性流作用产生极化夸克，测得夸克碎裂到 超子过程的自旋转移Λ
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中微子散射过程

通过弱带电流作用产生极化夸克，测得夸克碎裂到 超子过程的自旋转移Λ

NOMAD Collaboration, Nucl. Phys. B 588 (2000) 3.

G.T. Jones et al. Birmingham-Bonn-CERN-London-Munich-Oxford, Z. Phys. C 28 (1985) 23. 
WA59 Collaboration, Z. Phys. C 53 (1992) 207. 
E632 Collaboration, Phys. Rev. D 50 (1994) 6691. 
NOMAD Collaboration, Nucl. Phys. B 588 (2000) 3. 
NOMAD Collaboration, Nucl. Phys. B 605 (2001) 3.

E632 Collaboration, Phys. Rev. D 50 (1994) 6691.
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极化带电轻子束流散射过程 e↑p → eΛ↑X

Λ

产生极化虚光子 出射夸克极化 碎裂过程自旋转移

预期末态  超子将具有很高的极化度Λ
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极化带电轻子束流散射过程 e↑p → eΛ↑X
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实验测得自旋转移信号远低于理论预期
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实验事实：末态产生 超子，其运动学分布与极化度Λ

理论假设： 超子主要源于被虚光子撞击夸克的碎裂过程Λ
Ph

l'

X
P

q

l

理想情形：

γ∗

在高能极限，绝大部分能量传递给被撞击的夸克，且有足够大的相空间 

末态强子主要来自被撞击夸克的碎裂，与靶碎裂产生强子在快度上分离
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现实情形：

在HERA能量观测到流碎裂主导
以及与靶碎裂在快度上的分离

COMPASS

Introduction

COMPASS at CERN

Distribution of 𝚲 in SIDIS: 𝚲 longitudinal spin transfer:   Eur.Phys.J.C 64 (2009) 171-179

HERMES at DESY

𝐐𝟐 = 𝟑. 𝟕𝐆𝐞𝐕𝟐

CLAS12 at JLab

现有能量固定靶实验未见到
流碎裂与靶碎裂运动学界限
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自旋味道结构分析
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结合核子的夸克分布

u, d > ū, d̄ > s, s̄

核子剩余部分的标量 夸克对为靶碎裂主要贡献ud

靶碎裂贡献将显著压低末态 超子的自旋转移信号Λ
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Xiaoyan Zhao, Zuo-tang Liang, Tianbo Liu, Ya-jin Zhou, PRL 134 (2025) 231901.
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for the relative contributions from each production mecha-
nism. Our measurement also constrains the extraction of
related Λ fracture functions (FrFs) [42,43], which describe
the TFR production mechanism. A FrF is typically
expressed as a function of x and ζh !

P−
h

P−, which is the
negative light cone momentum component fraction for a
hadron h with 4-momentum Ph produced off a nucleon
target with 4-momentum P. The reason ζ is introduced is
that zh cannot distinguish between soft hadron emission
and the target fragmentation region since it vanishes in the
soft emission limit (hadron energy Eh → 0) and in target
fragmentation (θh ! 0where θh is the γ"N c.m. frame angle
between P⃗ and P⃗h), whereas ζ does not vanish in target
fragmentation [43]. Comparison with measurements of FFs
from eþe− annihilation, which obviously receives no
TFR contribution, would allow one to deduce the FrFs.
Furthermore, because the spin transfer DΛ

LL0 observable is
sensitive to the production mechanism of the Λ, one may

also infer loose constraints on the relative dominance of the
CFR and TFR mechanisms in specific kinematic regions.
For example, due to helicity conservation the Λ should
carry the same helicity as the fragmenting quark as
z → 1, giving one a clear idea of the CFR contribution.
Conversely, in the valence region x → 1 and ζ → 1, the
TFR production mechanism highly favors unpolarized Λ
production due to the spin and flavor structure of the Λ
where the strange quark produced during fragmentation
carries most of the Λ spin.
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FIG. 9. Comparison of the extracted DΛ
LL0 binned in zpπ− with

predictions computed from FF parametrizations from pQCD [40]
for the CFR and from a spectator quark-diquark model calcu-
lation for the TFR [39]. Dashed curves represent CFR only and
solid curves represent the sum of CFR and TFR contributions
[41]. The insets show results for Λ polarization along the Λ
momentum (a) and along the virtual photon γ" momentum (b) in
the γ"N c.m. frame. Vertical uncertainties are statistical and
horizontal uncertainties are given by the standard deviation
within each bin. Gray boxes show the systematic uncertainties.

(a)

(b)

FIG. 10. Comparison of the extracted DΛ
LL0 binned in xFpπ−

with predictions computed from FF parametrizations from pQCD
[40] for the CFR and from a spectator quark-diquark model
calculation for the TFR [39]. Dashed curves represent CFR only
and solid curves represent the sum of CFR and TFR contributions
[41]. The insets show results for Λ polarization along the Λ
momentum (a) and along the virtual photon γ" momentum (b) in
the γ"N c.m. frame. Vertical uncertainties are statistical and
horizontal uncertainties are given by the standard deviation
within each bin. Gray boxes show the systematic uncertainties.
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j 12 ⊗ σj + Cijσi ⊗ σj)
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represented by a 4⇥ 4 spin density matrix as follows

⇢ =
1

4
(14 +B+

i �i ⌦ 12 +B�
j 12 ⌦ �j +Cij�

i ⌦ �j), (1)

where B+
i = tr

⇥
⇢(�i ⌦ 12)

⇤
and B�

j = tr
⇥
⇢(12 ⌦ �j)

⇤

are the spin polarizations of each qubit, and Cij =
tr
⇥
⇢(�i ⌦ �j)

⇤
is a measure of the spin correlation

between qubits. For example, Cij = ��ij indi-
cates that the two spins are always anti-parallel and
therefore form a spin singlet configuration | �i =
1p
2
(|"#i� |#"i). Similarly, correlation matrices with C =

diag(1, 1,�1), diag(1,�1, 1), diag(�1, 1, 1) correspond to
the spin triplet states and the other three Bell states, i.e.,
| +i = 1p

2
(|"#i+ |#"i) and |�±i = 1p

2
(|""i± |##i).

To quantify the entanglement, one can define the fol-
lowing entanglement signatures for 2-qubit systems. A
state is separable i↵ there exists pk � 0 for which

⇢ =
X

k

pk⇢
a
k ⌦ ⇢bk with

X

k

pk = 1, (2)

and an entangled state is defined as a non-separable state.
To determine if a mixed state is entangled, one can em-
ploy the Peres-Horodecki criterion [84, 85]. It states that
if a mixed state ⇢ is separable, its partial transpose

⇢T2 =
X

k

pk⇢
a
k ⌦

�
⇢bk

�T
(3)

is non-negative. Thus, if one of the eigenvalues of ⇢T2

is negative, the state ⇢ is entangled. Moreover, for a 2-
qubit system, this is a su�cient and necessary condition
for entanglement.

�⇤ g
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e q
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R
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FIG. 1. Illustration of the helicity basis vectors n̂, r̂, k̂ and
the unit vector p̂ of the photon momentum, defined in the
center-of-mass frame, alongside the unit vectors l̂+, l̂� of the
fermionic decay products (indicating momentum directions),
shown in their respective parent particle rest frames, where
the spin of each particle and the decay spin density matrices
are also conventionally defined.

As we will show in later calculations, it is convenient
to choose the Cartesian coordinates in the center-of-mass
frame as shown in Fig. 1, and express the quark pair pro-
duction results in the helicity basis {n̂, r̂, k̂}. In this co-
ordinate system, the coe�cients Cnr, Crn, Cnk, Ckn, B

±
i

vanish. Therefore, in this coordinate system, according
to the Peres-Horodecki criterion, at least one of the fol-
lowing must be positive for the state to be entangled:

�1 = �1 + Cnn +
p
(Crr � Ckk)2 + (Crk + Ckr)2,(4)

�2 = �1� Cnn +
p
(Crr + Ckk)2 + (Crk � Ckr)2.(5)

The corresponding concurrence is then given by:

C[⇢] = max {�1/2,�2/2, 0} . (6)

The concurrence, C[⇢], is a key quantity for characterizing
entanglement, with values ranging between 0 and 1. A
value of C[⇢] = 0 corresponds to a separable state, while
C[⇢] = 1 indicates a maximally entangled state. It is
formally defined as [6]: C[⇢] = max{0,�1 � �2 � �3 �
�4}, where �i are the eigenvalues of the Hermitian matrix
R =

pp
⇢⇢̃

p
⇢ in decreasing order, and the spin-flipped

density matrix is ⇢̃ = (�y ⌦ �y)⇢⇤(�y ⌦ �y). In the case
considered in this work, the expression given in Eq. (6)
coincides with the formal definition above.
Furthermore, if the matrix Cij is symmetric (Crk =

Ckr) with Cnn < 0, the su�cient condition for entangle-
ment is �2 > 0 [17, 18, 75, 76] where

� = �1� Cnn + |Crr + Ckk|. (7)

Furthermore, if Crr and Ckk are also nonpositive (e.g.,
C = diag(�1,�1,�1) for the spin singlet state), one finds
� = � trC � 1. Thus, we obtain another su�cient con-
dition for entanglement: D < �1/3, where D = trC/3.
This quantity can be measured directly in experiments,
as D = �3hcos'i, with cos' ⌘ l̂+ · l̂�[75, 76], by mea-
suring the decayed leptons from the entangled top quark
pairs near the threshold.

In classical local hidden variable theories, one form of
Bell inequality[2] is given by

B = |ha1b1i+ ha2b1i+ ha1b2i � ha2b2i|  2, (8)

where the values of a1, a2, b1, b2 can either be 1 or �1.
This inequality can be demonstrated by considering all
possible cases. Given the density matrix correlation coef-
ficients Cij , one can rewrite the expectation value ha1b1i
as tr[⇢â1 ·~�⌦ b̂1 ·~�] = â1 ·C · b̂1 and then express the gen-
eralized Bell inequality (CHSH inequality)[3, 4] as [86]

B = |â1 · C · (b̂1 + b̂2) + â2 · C · (b̂1 � b̂2)|  2, (9)

where â1,2 and b̂1,2 are the unit vectors along which the
quark and antiquark spins can be measured, respectively.
Remarkably, it can be shown through algebraic deriva-
tion that B  2

p
2 for a quantum system, and the max-

imally entangled state can achieve the maximum value
of 2

p
2. Therefore there exists a range 2 < B  2

p
2

which violates the Bell inequality. The violation of the
Bell inequality indicates the presence of Bell nonlocality
in quantum mechanics, and it is equivalent to[9, 10]

N [⇢] ⌘ µ1 + µ2 � 1 > 0, (10)

ρ =
1
4 (14 + B+

i σi ⊗ 12 + B−
j 12 ⊗ σ j + Cijσi ⊗ σ j)

虚光子-胶子熔合的正反夸克对产生过程

Δ1 = − 1 + Cnn + (Crr − Ckk)2 + (Crk + Ckr)2

Δ2 = − 1 − Cnn + (Crr + Ckk)2 + (Crk − Ckr)2

量子纠缠判据：  或 Δ1 > 0 Δ2 > 0

𝒞[ρ] ≡ max{Δ1/2, Δ2/2, 0} ∈ [0,1]
z = cos θ = ̂k ⋅ ̂p

详见肖博文的报告
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3

where µ1 � µ2 � µ3 are the eigenvalues of the matrix
CTC in descending order. In principle, since all elements
of the correlation matrix C can be measured, one can test
the Bell nonlocality experimentally through Eq. (10). For
Bell states, which maximally violate the Bell inequality,
it gives the nonlocality measure N = 1.
Quark Pair Productions in photon-gluon fusions.— Fol-
lowing the convention used in Refs. [15–18, 87–92], we
define the unnormalized spin density matrix for the pro-
cess �⇤g ! qq as

R↵↵0,��0 =
1

N

X

color, spin

M⇤
�⇤g!q↵q↵0M�⇤g!q�q�0 , (11)

where 1/N represents the average over the intial state
color and spin, and ↵,�,↵0,�0 are open spinor indices of
quarks and antiquarks produced in the final state. Using
the LO scattering amplitude M�⇤g!q↵q↵0 , it is straight-
forward to obtain the spin density matrix in an analytical
form. Similar to Eq. (1), since R is a 4 ⇥ 4 Hermitian
matrix, it takes the form

R = Ã14 + B̃+
i �i ⌦ 12 + B̃�

j 12 ⌦ �j + C̃ij�
i ⌦ �j , (12)

where the overall normalization Ã = trR/4 is propor-
tional to the di↵erential cross-section, and the rest of R
is related to ⇢ as follows: ⇢ = R/ trR = R/(4Ã), thus
B±

i = B̃±
i /Ã and Cij = C̃ij/Ã. In the above expres-

sion for R, we have suppressed the spinor indices, which
can be recovered as, for example, for the last term as
C̃ij�i

↵� ⌦ �j
↵0�0 with the first Pauli matrix carrying the

quark spinor indices and the second carrying the anti-
quark spinor indices.

The R-matrix and these coe�cients can be calculated
explicitly in the center-of-mass frame of the quark pair
with the helicity basis {n̂, r̂, k̂} where k̂ is the direction
of the outgoing quark, n̂ is orthogonal to the production
plane, and r̂ is orthogonal to the {n̂, k̂} plane as shown
in Fig. 1. The indicies i and j of Pauli matrices, which
run from 1 to 3, are then mapped to the {n̂, r̂, k̂} coordi-
nates as well. In the center-of-mass frame, let p, p0, k, k0

be the 4-momenta of the photon, the gluon, the quark,
and the antiquark, respectively. The incoming photons
are mostly o↵-shell, thus we write p2 = �Q2 < 0. The in-
variant mass

p
ŝ is defined from the Mandelstam variable

ŝ = (p+ p0)2 = (k+ k0)2, which is the partonic center-of-
mass energy. To make the final expression more compact,
we define three more dimensionless variables: ↵ = Q2/ŝ,
� =

p
1� 4m2/ŝ, and z = p̂ · k̂, where ↵ is related

to virtuality, � is the speed of the produced quark, and
z = cos ✓ with ✓ being the angle between p̂ and k̂.

In deep inelastic scattering at EICs, the incoming pho-
tons are spacelike virtual photons, which can be either
longitudinal or transverse. Typically, the measured un-
polarized cross-sections are a linear combination of these
two contributions. In EIC experiments, it is potentially
possible to separate these two contributions, despite the
associated challenges. Below, we present the cases of lon-
gitudinal and transverse photons separately, highlighting

their interestingly distinct features. Again, we choose to
work in the {n̂, r̂, k̂} coordinate system, using the phys-
ical longitudinal and transverse polarization vectors, ✏L
and ✏T , respectively, such that ✏ · p = 0.

�⇤
L

g

q

q
|�+i

�⇤
T

g

q

q
| �i

FIG. 2. Examples of spin configurations of the longitudinal
and transverse photon channels at ✓ = ⇡

2 (z = 0) and the
production threshold � = 0.

For the longitudinal polarization contribution, we find
that the coe�cient matrix C is given by

C =

0

@
1 0 0
0 ��1 ��2

0 ��2 �1

1

A (13)

with �1 =
1� 2z2 + z2�2

1� z2�2
, (14)

�2 =
2z

p
(1� z2)(1� �2)

1� z2�2
. (15)

Note that �2
1 + �2

2 = 1. In this case, the concurrence
C[⇢L] ⌘ 1 and the nonlocality measure N [⇢L] = 1, indi-
cating maximal entanglement and maximal violation of
Bell inequality. We find that the quark pair in a max-
imally entangled spin triplet state and the correspond-
ing density matrix is always in the form of a pure state
⇢L = | i h |, where

| i = 1

2
(
p

1 + �1, i
p
1� �1, i

p
1� �1,

p
1 + �1). (16)

For example as illustrated in Fig. 2, when z = 0 (✓ =
⇡/2), one finds C = diag(1,�1, 1), which indicates | i =
|�+i and ⇢L = |�+i h�+| where |�+i = (|""i+ |##i)/

p
2.

Interestingly, we also find the same ⇢ for � = 1 as in the
relativistic limit.

As to the transverse photon contribution, we find the
density matrix is generally in a complicated mixed state.
Due to its complexity, the full expression for the trans-
verse contribution, which is presented in the appendix, is
used to plot the concurrence C[⇢T ] in Fig. 3 as functions
of � and z for given values of ↵. It indicates that there
is also a wide range of kinematics for observing entangle-
ment and nonlocality.

Regarding the analytic results for the transverse con-
tribution, if the photon is set to be on-shell (↵ = 0), then

纵向极化虚光子反应道

C =
1 0 0
0 −χ1 −χ2

0 −χ2 χ1

χ1 =
1 − 2z2 + z2β2

1 − z2β2

χ2 =
2z (1 − z2) (1 − β2)

1 − z2β2

β = 1 − 4m2/ ̂s

此时 ，为最大纠缠𝒞[ρ] = 1

Wei Qi, Zijing Guo, Bo-Wen Xiao, PRD 113, 054048 (2026). 
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where µ1 � µ2 � µ3 are the eigenvalues of the matrix
CTC in descending order. In principle, since all elements
of the correlation matrix C can be measured, one can test
the Bell nonlocality experimentally through Eq. (10). For
Bell states, which maximally violate the Bell inequality,
it gives the nonlocality measure N = 1.
Quark Pair Productions in photon-gluon fusions.— Fol-
lowing the convention used in Refs. [15–18, 87–92], we
define the unnormalized spin density matrix for the pro-
cess �⇤g ! qq as

R↵↵0,��0 =
1

N

X

color, spin

M⇤
�⇤g!q↵q↵0M�⇤g!q�q�0 , (11)

where 1/N represents the average over the intial state
color and spin, and ↵,�,↵0,�0 are open spinor indices of
quarks and antiquarks produced in the final state. Using
the LO scattering amplitude M�⇤g!q↵q↵0 , it is straight-
forward to obtain the spin density matrix in an analytical
form. Similar to Eq. (1), since R is a 4 ⇥ 4 Hermitian
matrix, it takes the form

R = Ã14 + B̃+
i �i ⌦ 12 + B̃�

j 12 ⌦ �j + C̃ij�
i ⌦ �j , (12)

where the overall normalization Ã = trR/4 is propor-
tional to the di↵erential cross-section, and the rest of R
is related to ⇢ as follows: ⇢ = R/ trR = R/(4Ã), thus
B±

i = B̃±
i /Ã and Cij = C̃ij/Ã. In the above expres-

sion for R, we have suppressed the spinor indices, which
can be recovered as, for example, for the last term as
C̃ij�i

↵� ⌦ �j
↵0�0 with the first Pauli matrix carrying the

quark spinor indices and the second carrying the anti-
quark spinor indices.

The R-matrix and these coe�cients can be calculated
explicitly in the center-of-mass frame of the quark pair
with the helicity basis {n̂, r̂, k̂} where k̂ is the direction
of the outgoing quark, n̂ is orthogonal to the production
plane, and r̂ is orthogonal to the {n̂, k̂} plane as shown
in Fig. 1. The indicies i and j of Pauli matrices, which
run from 1 to 3, are then mapped to the {n̂, r̂, k̂} coordi-
nates as well. In the center-of-mass frame, let p, p0, k, k0

be the 4-momenta of the photon, the gluon, the quark,
and the antiquark, respectively. The incoming photons
are mostly o↵-shell, thus we write p2 = �Q2 < 0. The in-
variant mass

p
ŝ is defined from the Mandelstam variable

ŝ = (p+ p0)2 = (k+ k0)2, which is the partonic center-of-
mass energy. To make the final expression more compact,
we define three more dimensionless variables: ↵ = Q2/ŝ,
� =

p
1� 4m2/ŝ, and z = p̂ · k̂, where ↵ is related

to virtuality, � is the speed of the produced quark, and
z = cos ✓ with ✓ being the angle between p̂ and k̂.

In deep inelastic scattering at EICs, the incoming pho-
tons are spacelike virtual photons, which can be either
longitudinal or transverse. Typically, the measured un-
polarized cross-sections are a linear combination of these
two contributions. In EIC experiments, it is potentially
possible to separate these two contributions, despite the
associated challenges. Below, we present the cases of lon-
gitudinal and transverse photons separately, highlighting

their interestingly distinct features. Again, we choose to
work in the {n̂, r̂, k̂} coordinate system, using the phys-
ical longitudinal and transverse polarization vectors, ✏L
and ✏T , respectively, such that ✏ · p = 0.
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FIG. 2. Examples of spin configurations of the longitudinal
and transverse photon channels at ✓ = ⇡

2 (z = 0) and the
production threshold � = 0.

For the longitudinal polarization contribution, we find
that the coe�cient matrix C is given by

C =

0

@
1 0 0
0 ��1 ��2

0 ��2 �1

1

A (13)

with �1 =
1� 2z2 + z2�2

1� z2�2
, (14)

�2 =
2z

p
(1� z2)(1� �2)

1� z2�2
. (15)

Note that �2
1 + �2

2 = 1. In this case, the concurrence
C[⇢L] ⌘ 1 and the nonlocality measure N [⇢L] = 1, indi-
cating maximal entanglement and maximal violation of
Bell inequality. We find that the quark pair in a max-
imally entangled spin triplet state and the correspond-
ing density matrix is always in the form of a pure state
⇢L = | i h |, where

| i = 1

2
(
p

1 + �1, i
p
1� �1, i

p
1� �1,

p
1 + �1). (16)

For example as illustrated in Fig. 2, when z = 0 (✓ =
⇡/2), one finds C = diag(1,�1, 1), which indicates | i =
|�+i and ⇢L = |�+i h�+| where |�+i = (|""i+ |##i)/

p
2.

Interestingly, we also find the same ⇢ for � = 1 as in the
relativistic limit.

As to the transverse photon contribution, we find the
density matrix is generally in a complicated mixed state.
Due to its complexity, the full expression for the trans-
verse contribution, which is presented in the appendix, is
used to plot the concurrence C[⇢T ] in Fig. 3 as functions
of � and z for given values of ↵. It indicates that there
is also a wide range of kinematics for observing entangle-
ment and nonlocality.

Regarding the analytic results for the transverse con-
tribution, if the photon is set to be on-shell (↵ = 0), then
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FIG. 3. Density plots of the concurrence for the transverse
polarized photon contribution at EIC as functions of quark
velocity � and the scalar projection z at given values of the
virtuality parameter ↵, where solid lines and dashed lines in-
dicate the boundaries for entanglement (C[⇢T ] = 0) and Bell
nonlocality (N [⇢T ] = 0), respectively.

the non-vanishing coe�cients of R are:

Ã = F
⇥
1 + 2�2(1� z2)� �4(2� 2z2 + z4)

⇤
, (17)

C̃nn = �F
⇥
1� 2�2 + �4(2� 2z2 + z4)

⇤
, (18)

C̃rr = �F
⇥
1� �2(2� �2)(2� 2z2 + z4)

⇤
, (19)

C̃kk = �F
⇥
1� 2�2z2(1� z2)� �4(2� 2z2 + z4)

⇤
,(20)

C̃kr = C̃rk = 2F�2
p
1� �2z(1� z2)3/2, (21)

with F =
e2Qg

2
s

(1� �2z2)2
. (22)

These coe�cients are very similar to the ones of the pro-
cess gg ! qq[16–18, 90–92], while only the factor F is
di↵erent. Notably, the matrix C̃ is not symmetric in the
case of virtual photons (↵ > 0).

Let us comment on the two asymptotic limits for the
transverse contribution to illustrate the relevant physics.
At the production threshold, which is equivalent to the
nonrelativistic limit by setting � = 0, the spin cor-
relation is then found to be Cij = ��ij which gives
⇢T = | �i h �| , where | �i is the spin singlet state.
To understand this result, we note that the amplitude
indicates that the transverse photon and gluon form a
spin singlet state. In addition, the produced quarks are
emitted without angular dependence in an s-wave with
zero orbital angular momentum. In this case, conserva-
tion of angular momentum requires that the spin of the
final state qq̄ pair be zero. Meanwhile, in the high en-
ergy limit and near z = 0 region, it is found that qq̄ is
in the spin triplet |��i state due to the orbital angular
momentum contribution. As expected, this result is in
agreement with that in the gg ! qq̄ channel[17, 18].

At the end, to measure the spin configuration of the

quark pair, one can utilize the self-analyzing property
of weak decays, as the momentum distributions of the
decay products are correlated with the spins of the parent
particles. Let l̂+, l̂� represent the direction vectors of
fermions produced in weak decays, measured in the rest
frames of their respective parent particles, as illustrated
in Fig. 1. The cross-section for producing the lepton pair
can be expressed as

d�

d⌦+d⌦�
/ tr [(�+ ⌦ ��)R] , (23)

where �± represents the decay density matrices for qq̄ !
l+ + l� + X in the rest frames of the parent particles,
defined as follows[90]:

�± =
12 + ±(̂l± · �)

2
, (24)

where + and � are the spin-analyzing powers. Since
�± depends on the dot product between the Pauli matri-
ces �i and the lepton’s direction, and given that tr

⇥
�i
⇤
=

0 and tr
⇥
�i�j

⇤
= 2�ij , we can see that the spin infor-

mation is transferred to the lepton’s motion by taking
the trace of (�+ ⌦��)R. Consequently, as the produced
qq̄ pair is unpolarized with B± = 0, we can obtain the
normalized cross-section

1

�

d�

d⌦+d⌦�
=

1 + +� l̂+ · C · l̂�
(4⇡)2

. (25)

The correlation coe�cients of the matrix C can be deter-
mined by measuring the weighted angle averages[86, 91]

Cab =
9

+�

1

�

Z 1

�1
d⇠ab

d�

d⇠ab
⇠ab =

9

+�
h⇠abi, (26)

with the variable ⇠ab = (̂l+ · â)(̂l� · b̂), where the vec-
tors â, b̂ can be chosen to align with the helicity ba-
sis {n̂, r̂, k̂}. As a special example, the averaged trace
D = trC/3 can be obtained through[75, 76]

D =
3

+�

1

�

Z 1

�1
d cos'

d�

d cos'
cos'

=
3

+�
hcos'i. (27)

where ' is the relative angle between l̂+ and l̂� that
cos' = l̂+ · l̂�. Possible measurements of Cij can be cast
into two categories as follows:

• Heavy quark pair channels such as bb or cc !
(l+⌫q)(l�⌫̄q̄): By measuring the lepton pair in the
decay product, one can extract the transferred spin
correlation information from the heavy quark pair,
thereby studying the entanglement and Bell nonlo-
cality at an EIC. (For similar possible decay chan-
nels at the LHC, see, e.g., Ref. [93].) In this chan-
nel, the decayed neutrinos cannot be detected di-
rectly, as they appear only as missing momenta in
the measurements [75, 76].

β = 1 − 4m2/ ̂s

α = Q2/ ̂s

Wei Qi, Zijing Guo, Bo-Wen Xiao, PRD 113, 054048 (2026). 
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 揭示DIS过程 超子产生的靶碎裂贡献与其对自旋转移信号的压低效
应，解决了实验与理论的长期冲突，并被JLab-CLAS实验进一步验证。 

 基于介子交换模型计算 遍举过程，考虑 , , 
, 共振态贡献及各反应道振幅相对相位，成功描述

COSY等实验微分截面与 极化数据，并预言质子极化和超子-质子极化
关联。将作为H-NS相关物理模拟的理论输入。 

 探索高能散射中夸克-反夸克对产生的量子纠缠效应，可能成为探测
核物质环境和超子产生的新探针。

Λ

pp → pKΛ N(1535) N(1650)
N(1710) N(1720)

Λ


